The Texas Echelon cross Echelle Spectrograph (TEXES), mounted on NASA's Infrared Telescope Facility (IRTF), was used to map mid-infrared ammonia absorption features on both Jupiter and Saturn in February 2013. Ammonia is the principle reservoir of nitrogen on the giant planets, and the ratio of isotopologues ( 15 N/ 14 N) can reveal insights into the molecular carrier (e.g., as N 2 or NH 3 ) of nitrogen to the forming protoplanets, and hence the source reservoirs from which these worlds accreted. We targeted two spectral intervals (900 and 960 cm −1 ) that were relatively clear of terrestrial atmospheric contamination and contained close features of 14 NH 3 and 15 NH 3 , allowing us to derive the ratio from a single spectrum without ambiguity due to radiometric calibration (the primary source of uncertainty in this study). We present the first ground-based determination of Jupiter's 15 N/ 14 N ratio (in the range from 1.4 × 10 −3 to 2.5 × 10 −3 ), which is consistent with both previous space-based studies and with the primordial value of the protosolar nebula. On Saturn, we present the first upper limit on the 15 N/ 14 N ratio of no larger than 2.0 × 10 −3 for the 900-cm
Introduction
The bulk elemental and isotopic composition of a giant planet reflects the balance of chemical species in their primordial source reservoirs. The core-nucleated accretion model of planet formation (e.g., Mizuno, 1980; Lissauer, 1993; Pollack and Bodenheimer, 1989; Pollack et al., 1996) suggests that the giant planets grew from solid ice/rock cores by accretion of gases and solids, and then by runaway accretion of the remaining nebula gases until the feeding zone resources were exhausted (e.g., by either nebula dissipation or tidal gap Email address: fletcher@atm.ox.ac.uk (Leigh N. Fletcher) opening, see the recent review by Helled et al., 2013) . The availability of planetary building blocks (metals, oxides, silicates, ices) varied with position and time within the original nebula, from refractories in the warm inner nebula to a variety of ices of water, CH 4 , CO, CO 2 , NH 3 , N 2 and other simple molecules in the cold outer nebula. Furthermore, the planets were not fixed within the disc, and both inward and outward migration during their evolution could have provided access to different material reservoirs at different epochs. In this study, we use measurements of the ratio of two nitrogen isotopes ( 15 N/ 14 N) in giant planet ammonia to explore the origins of Jupiter and Saturn. The elemental and isotopic composition 'frozen into' the planetary building blocks and nebula gases was embedded into the giant planet atmosphere and preserved against subsequent reequilibriation during the planet's evolution, providing a window onto conditions in the early solar system at the time and location of planetary formation.
Molecular nitrogen (N 2 ) is the primary reservoir of nitrogen in interstellar clouds (van Dishoeck et al., 1993) , so one might expect it to be the dominant form for nitrogen delivery to forming solar system objects (Lewis and Prinn, 1980) . However, although N 2 is present in the atmospheres of Venus (3.5% by volume), Earth (78%), Mars (2.7%) and Titan (98%), this is a secondary product of dissociation of the original carrier molecule that was outgassed from the primordial interiors. Conversely, nitrogen on the giant planets is expected to reflect the composition of the primordial solar nebula. Giant-planet nitrogen is in the form of NH 3 , thermochemically converted from N 2 in the hot deep interiors (Fegley and Lodders, 1994) . Unfortunately, NH 3 (along with many of the most abundant chemical species, like oxygen and sulphur) is removed from the gas phase by condensation to form a series of cloud layers, locking away the volatiles (water, ammonia and H 2 S) in the deep troposphere that is largely hidden from the capabilities of remote sensing. Nevertheless, nitrogen has been found to be enriched over solar abundances on both Jupiter and Saturn (de Pater and Massie, 1985; Niemann et al., 1998; Owen et al., 1999; Wong et al., 2004; Fletcher et al., 2009b) , supporting the hypothesis of enrichment by accreted planetesimals during the formation process. Accretion of nitrogen in the gas phase alone cannot produce these supersolar enrichments without some contribution of nitrogen species trapped in solids. Further constraints are provided by the Galileo Probe Mass Spectrometer (GPMS, Niemann et al., 1998; Atreya et al., 1999; Mahaffy et al., 2000; Wong et al., 2004) , which suggests that Jupiter's elements are uniformly enhanced by a factor of 4 ± 2 compared to protosolar abundances. This 'solar balance' of enrichment requires that all elements, particularly nitrogen and argon, were trapped just as efficiently as carbon in Jupiter's source reservoir.
Jupiter's uniform supersolar enrichment can be explained by two different scenarios: the accretion of volatiles trapped in the water matrix of amorphous ice planetesimals, either at large heliocentric distances or in a very cold and static disc (ice formation temperatures T f < 20 K, e.g., Owen et al., 1999 Owen et al., , 2001 Owen and Encrenaz, 2003; Owen and Encrenaz, 2006) , or by the crystallisation of ices (clathrates and/or pure condensates) in Jupiter's feeding zone during the cooling of the protosolar nebula (Gautier et al., 2001; Lunine and Stevenson, 1985; Hersant et al., 2004; Mousis et al., 2009b,a) . In the latter scenario, bulk enrichments are governed by the trapping efficiencies of volatiles and the formation of crystalline ices as the nebula cooled (e.g., Mousis et al., 2009b) and the condensation of pure ices; in the former scenario the balance of elements in primitive amorphous ices is governed by the cold chemistry of the interstellar medium, although the mechanism for transporting these primitive objects to the forming giant planets is unclear. In both theories, the disc temperature in the source reservoir (which could have cooled over hundreds of kelvin at the location of giant planet formation) is crucial in establishing the dominant molecular carrier trapped in the icy building blocks -cold environmental temperatures would permit trapping of N 2 in ices, whereas warmer conditions would lead to deficiencies in neon, argon and N 2 in those icy planetesimals and favour the trapping of nitrogen compounds like NH 3 (e.g., Owen et al., 1999) . This work will discuss giant planet 15 N/ 14 N ratios in the context of these competing theories, allowing us to distinguish the primary molecular carrier delivering nitrogen to the forming proto-Jupiter and proto-Saturn.
The
15 N/ 14 N ratio
To ascertain the specific molecular carrier of nitrogen, we can exploit the fact that chemical fractionation in different nitrogen-bearing molecules (either during the protosolar or earlier interstellar periods) would have caused enrichment of the heavier 15 N isotope in nitrogen compounds (e.g., HCN, NH 3 , CN) compared to molecular nitrogen (N 2 ) (Owen and Bar-Nun, 1995; Terzieva and Herbst, 2000) . The degree of 15 N enrichment in these compounds varies with temperature and formation time, and the value changes from compound to compound due to escape and fractionation processes. Furthermore, fractionation by diffusive separation, ion pick-up and atmospheric sputtering caused by solar winds can aid the escape of the lighter isotope from terrestrial-type planets to create a 15 N enrichment, as observed on Mars and Titan . Nevertheless, the lowest 'primordial' 15 N enrichments are expected in N 2 , which would condense or be efficiently adsorbed onto ices only at extremely low temperatures. The highest 15 N-enrichments reported are those in cometary NH 3 , such as the 15 N/ 14 N ratio of 7.9 +4.6 −2.6 × 10 −3 from an average of spectra from 12 comets (Rousselot et al., 2014) and the recent observation of NH 2 emission from Comet C/2012 S1 (ISON) by Shinnaka et al. (2014) is similar to that found in primitive meteorites (Marty, 2012) , but much lower than that found in comets, so cometary ammonia could not have been the main supplier of Earth's nitrogen. But could cometesimal delivery have played an important role in delivering heavy elements in the outer solar system? Comets are notoriously deficient in N 2 , with the bulk of cometary nitrogen being bound as compounds such as NH 3 , HCN and CN (Bockelée-Morvan et al., 2004) . Identifying the molecular carrier of nitrogen to Jupiter and Saturn would help to address this question.
In situ measurements of the ratio in Jupiter by the Galileo Probe Mass Spectrometer (GPMS) suggested a 15 N/ 14 N ratio of (2.3 ± 0.3) × 10 −3 , considerably lower than the terrestrial value (Niemann et al., 1998; Mahaffy et al., 2000; Owen et al., 2001 ). This result was independently confirmed by mid-infrared discaveraged spectroscopy from the Infrared Space Observatory (ISO, 1.9 +0.9 −1.0 × 10 −3 , Fouchet et al., 2000) and spatially-resolved spectroscopy from the Cassini Composite Infrared Spectrometer (CIRS, (2.2 ± 0.5) × 10 −3 , Fouchet et al., 2004; Abbas et al., 2004) . Atreya et al. (2003) point out the remarkable similarity of these values, despite the fact that the mid-IR results are pertinent to the sub-saturated regions above the cloudtops (around 0.5 bar), whereas the probe measurements were from higher pressures (0.8-2.8 bar) in a region of anomalous 'hot-spot' meteorology. CIRS observations (Fouchet et al., 2004; Abbas et al., 2004) found no evidence for spatial variability of the ratio, indicating insensitivity to condensation fractionation. Indeed, Fouchet et al. (2000 Fouchet et al. ( , 2004 carefully assessed the isotopic fractionation effects related to cloud condensation (i.e., condensation preferentially segregates the heavier isotopologue into the condensed phase, thereby depleting the vapour phase) and found it to have a negligible impact. Furthermore, Liang et al. (2007) demonstrated that ammonia photolysis (which is more efficient for the heavier isotopologue) is likely to be diluted by tropospheric mixing and condensation effects. Jupiter's low 15 N enrichment favours delivery as primordial N 2 (either as a gas, condensate or trapped in ices), rather than delivery as primordial NH 3 . Furthermore, the isotopic ratio is thought to represent the primordial solar nebula value, being similar to:
15 N/ 14 N= (2.36 ± 0.02) × 10
found in a meteorite inclusion (Meibom et al., 2007) ; the bulk Sun value of (2.27 ± 0.03) × 10 −3 derived from solar wind samples obtained by Genesis (Marty et al., 2011) ; and the solar wind estimate of < 2.8 × 10 −3 using nitrogen trapped in the outer rims of individual lunar soil grains (Hashizume et al., 2000) .
In contrast, Saturn's 15 N enrichment has never been measured. In the absence of an in situ probe (Marty et al., 2009; Mousis et al., 2014) , we must rely on remote sensing measurements to study Saturn's ammonia distribution. Saturn's cold atmosphere pushes the main ammonia ice condensation cloud deeper than in Jupiter, and it is obscured by a ubiquitous haze in the upper troposphere (West et al., 2009) . Ammonia follows a sub-saturated distribution above the clouds and may be converted photochemically to hydrazine (N 2 H 4 ) in the upper troposphere. The spatial distribution has proven difficult to obtain , but appears to be enhanced at low latitudes by vigorous upwelling (Fletcher et al., 2011a) . The cold atmospheric temperatures and deep ammonia cloud mean that NH 3 has a limited influence over Saturn's mid-infrared (8-12 µm) spectrum, which is instead dominated by phosphine absorption features (Fletcher et al., 2007 (Niemann et al., 2010) , greater than that on Earth and considerably larger than the ratio found on Jupiter. Accretion of a 15 N-enriched nitrogen compound from Saturn's feeding zone (e.g., primordial NH 3 , Atreya et al., 2010) and subsequent production of a secondary atmosphere from the original carrier could explain Titan's 15 N enrichment if fractionation during atmospheric escape cannot account for this high value (see Section 5). We therefore have two different scenarios for the 15 N/ 14 N ratio of Saturn: either 15 N-enriched due to accretion from a primordial NH 3 reservoir like Titan (although Titan would have accreted long after the majority of Saturn's mass had been delivered), or 15 N-poor due to accretion from a primordial N 2 reservoir like Jupiter. Any active chemistry occurring within either the feeding zones (for the gas giant) or later subnebulae (for the regular satellites) would have preserved the isotopic ratio of the original source reservoirs, allowing us to measure the 15 N/ 14 N ratio to identify these cosmochemical reservoirs.
This ground-based spectroscopic study focusses on the 15 N/ 14 N ratio in ammonia to provide confirmation of the jovian value and the first constraints on this ratio in Saturn. In Section 2 we describe thermal infrared spectroscopy of Jupiter and Saturn obtained in February 2013 by the TEXES instrument (Texas Echelon cross Echelle Spectrograph, Lacy et al., 2002 ) on NASA's Infrared Telescope Facility (IRTF). Section 3 describes the radiative transfer and spectral inversion approach used to determine the tropospheric temperature, aerosol opacity and gaseous composition (PH 3 , 14 NH 3 and 15 NH 3 ) on both planets in Section 4. Implications of the nitrogen isotopic composition for the formation of the giant planets will be discussed in Section 5.
TEXES Observations of Jupiter and Saturn

IRTF/TEXES Observations in 2013
We observed the gas giants Jupiter and Saturn over a series of consecutive nights in February 2013. Details of the observing run are presented in Table 1 . Jupiter was 4.7 AU from Earth on February 10, 2013 and at the end of its 2012-13 apparition (opposition on December 12, 2012), appearing 41.6" in diameter at a heliocentric longitude L s = 120
• (local northern summer). Saturn was at the start of its apparition (opposition on April 28, 2013); 9.58 AU from Earth, appearing 17.2" in diameter at L s = 42
• (local northern spring). The combination of the 3-m diameter primary mirror of NASA's Infrared Telescope Facility (IRTF) and the TEXES instrument (Texas Echelon cross Echelle Spectrograph, Lacy et al., 2002) provided spatially-resolved Q-(17-25 µm) and Nband (7-13 µm) spectroscopy of both targets. Jupiter was observed to demonstrate our ability to measure the jovian 15 N/ 14 N ratio from Earth, providing confidence in our first constraints on the saturnian value.
This study targeted pressure-broadened lines of ammonia and phosphine, so the highest spectral resolutions permitted by TEXES (R = λ/∆λ ≈ 80000) were not required. By shifting to lower resolving powers (R ≈ 2000 − 3000) we were able to capture more of the spectrum in a single observation (a band approximately 20 cm −1 wide), permitting simultaneous retrievals of temperature and composition from individual bands. Two spectral settings were selected based on the following criteria: (i) they must be suitable for 15 NH 3 measurements on both ammonia-dominated Jupiter and phosphine-dominated Saturn; (ii) they must avoid regions of low terrestrial transmission due to H 2 O and O 3 ; (iii) they must have both 15 NH 3 and 14 NH 3 features within 10-15 cm −1 of one another to be captured simultaneously; (iv) they must avoid regions of strong hydrocarbon emission at λ > 11.5µm; and (v) they should allow for an independent reconstruction of PH 3 . Synthetic TEXES spectra with varying ammonia and phosphine abundances between 850 and 1200 cm −1 were generated prior to the observing run, and settings at 900 ± 10 cm −1 and 960 ± 10 cm −1 were selected. The diffractionlimited spatial resolution is approximately 1 arcsec at these spectral settings. The spectral resolving power can be estimated from the grating equation, which depends on the grating angle and the angular size of the slit and provides values of R = 2896 (or ∆ν = 0.31 cm −1 ) for the 900 cm −1 setting; and R = 2664 (or ∆ν = 0.36 cm −1 ) for the 960 cm −1 setting. Additional settings near 1002 and 1021 cm −1 provide a better 15 NH 3 signature, but are completely obscured by telluric ozone absorption. Furthermore, our observations use the same 903.1 cm −1 P(3) ν 2a transition of 15 NH 3 as observed by Cassini/CIRS for Jupiter (Fouchet et al., 2004) as a check of our technique.
For Jupiter observations, we employed a standard TEXES technique of aligning the slit to celestial north and scanning from east to west across the target to assemble an image over several minutes (Fig. 1 ). Jupiter's rotation axis was close to the north-south direction on the sky. The 1.4" slit was moved in 0.7" increments (2-second integrations at each step) to assemble one scan, and then repeated several times to build up signal-tonoise. The scans started and finished with blank sky spectra to permit subtraction of sky background emission from the on-source measurements. Unlike midinfrared imaging, we do not use the chopping secondary, and the scan mode uses off-target scan steps instead of nodded pairs. Given the lower signal from Saturn, we primarily used TEXES in a nodding mode rather than scanning mode, nodding Saturn along the slit to produce positive and negative spectra that were later aligned and added. Scan-mode Saturn observations were attempted in both 2012 and 2013 at medium spectral resolutions (R ≈ 10000), and on February 9th in low resolution mode (Table 1) to produce the images in Fig.  1 . The medium resolution scanning observations will be used in Section 4.4 to verify conclusions from the low-resolution nod settings.
A room-temperature black body (a high-emissivity metal chopper blade painted black just above the Dewer entrance window) was observed prior to each scan or nod to serve as both a flat field and a radiance calibrator (Lacy et al., 2002; Greathouse et al., 2011) . To first order, we assume that the temperature of this metal plate approximates the sky and telescope temperatures, so that the differences between the black body and sky observations can be used to account for instrument and telluric emission. Using two observations of the black body and two of the sky, we are able to both flatfield and radiometrically calibrate the target data. The black body fills the field of view (FOV) in the same way as the extended target, eliminating the need for FOV-filling corrections when point sources are used as divisors. Absolute calibration via this technique was found to be more efficient and reliable than observations of standard divisors (mid-IR bright asteroids, for example, Lacy et al., 2002) , permitting maximal time on the science target. Cohen spectrophotometric standards (mainly early K dwarfs with SiO spectral features in the N-band, Cohen et al., 1999) are not suitable at high spectral resolution as their spectra contain multiple photospheric lines and are often not bright enough to provide adequate signal in a short observation. Furthermore, the moon could not be used as a calibrator as its high temperature causes saturation, and the rapid variation of temperature over small spatial scales makes the moon a poor flat field. Removal of telluric 'sky' emission at every scan step is done by subtracting the small portion of sky observed at either end of the slit. However, this sky subtraction does not remove telluric absorption completely (it does a good job for water and CO 2 , but not O 3 as it is high and cold in Earth's stratosphere), nor account for variable telluric transmissivity during individual integration time steps (2 seconds) of a scan, which can vary with water vapour, ice cirrus or clouds. We therefore estimate a conservative 20% uncertainty on our radiometric calibration and avoid spectral regions obscured by telluric absorption features.
The scans and nods were reduced (sky subtraction, flat fielding, radiometric calibration, optical distortion corrections, interpolation over dead pixels) using the TEXES pipeline data reduction package (Lacy et al., 2002) . Wavelength calibration was performed by correlating telluric transmission models with the measured sky scans. The individual target scans were shifted spectrally to correct for the Doppler shift due to the Earthtarget motion and that caused by the rotation of Jupiter and Saturn. Where longitudinal resolution was required, we worked from the individual target scans. For the purposes of zonal mean radiances, individual scan maps were aligned spatially and co-added to create a single spectral cube. Planetographic latitudes, System III West longitudes and emission angles were assigned to the scan maps by fitting a synthetic planetary limb to the observation, allowing interpolation and reprojection of the spectral cube onto a latitude-longitude grid. Figure 1 provide examples of the quality of the raw spectral image cubes provided by the TEXES instrument in the 900 cm −1 and 960 cm −1 settings. Zonalmean radiances extracted from these cubes are then presented in Fig. 2 , with absorption features of key atmospheric absorbers labelled. Telescope jitter sometimes causes offsets between adjacent scan time steps that must be corrected to reconstruct images. The Jupiter TEXES spectral cubes of Saturn appear bland compared to Jupiter, both due to the smaller angular diameter but also due to the more quiescent tropospheric dynamics. The southern hemisphere was obscured by the rings, which appear cold at these wavelengths. When we plot the zonal mean radiance with latitude in Fig. 2 , it is clear that the maximum tropospheric emission is not at the sub-observer latitude, as we might expect from limb darkening of a homogeneous planet. Instead, the emission is localised in a band between [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] • N, the location of the 2010 eruption of a planet-encircling storm system (Fletcher et al., 2011b) . This region of residual tropospheric warmth may be associated with postplume atmospheric subsidence, and appeared to encircle the whole planet with implications for tropospheric zonal wind shears Achterberg et al., 2014) . These dynamic features on both Jupiter and Saturn are not the focus of the present study, but will be the subject of future investigations.
Spatial Structure in the TEXES Observations
TEXES Uncertainties
Ground-based constraints on the 15 N/ 14 N ratio require a careful analysis of uncertainties associated with the TEXES spectra. Modelling uncertainties will be considered in Section 3. For Jupiter, we constructed an average spectrum by co-adding data between ±30
• latitude and within ±10
• of the central longitude (i.e., a low-latitude average of the spectra shown in Fig. 2 ). For Saturn we used central-meridian data from the nodded spectra between latitudes of 10
• N and 60
• N. Mean brightness-temperature spectra from the three epochs of Jupiter observations are shown in Fig. 3 , demonstrating that independent observations are radiometrically calibrated to precisions better than 1 K. However, precision does not imply accuracy, as telluric transmission is not fully accounted for using the flat fielding and absolute calibration method described by Lacy et al. (2002) .
The zonal mean radiances for Jupiter in Fig. 2 are compared to Cassini/CIRS observations from the 2000 flyby in Fig. 4 , averaging the CIRS spectra over the same spectral range. The diminution of radiance towards the poles is an artefact of the strong limb darkening observed by both CIRS and TEXES. The zonal banding matches qualitatively, but we found that the 900-cm −1 setting had to be scaled by a factor of 0.8 to match the CIRS radiances. As global-scale temperature changes between 2000 and 2013 are unlikely, this suggests that our spectrophotometric calibration, although precise and reproducible, is uncertain by factors of ±20%. Conversely the 960-cm −1 setting required no such scaling, possibly because the 960-cm −1 setting is near the centre of the filter bandpass, whereas the 900-cm −1 setting is near the edge. Unfortunately the CIRS Saturn spectra averaged over 2012-2013 have insufficient signal-to-noise in this spectral region to permit a similar comparison, so we again assume a ±20% uncertainty for the Saturn data. As the 900-cm −1 scaling was the same for each night, the cause is likely to be instrumental transmissivity effects unaccounted for in the reduction pipeline, rather than random atmospheric variations. This systematic uncertainty has severe consequences for our ability to derive absolute abundances from the TEXES spectra, as we shall see in Section 4.
In addition to systematic offsets, TEXES random uncertainties were estimated using four different methods. Firstly, we compared the simple standard deviations on the mean spectra with a brute-force method of shifting the spectrum by one spectral pixel and differencing. Both techniques result in random uncertainties of 3% in clear atmosphere, growing to arbitrarily large values near telluric features. Second, we used the individual Jupiter scan maps and compared spectra in the sky emission background (averages over 25 pixels in each of the four corners of the images in Fig. 1 , and found random uncertainties of 1.0-1.5% for the 900 cm −1 setting and 4-5% for the 960 cm −1 setting. Third, we used telluric transmission τ calculated via the ATRAN model (Lord, 1992) and the empirical formula of Greathouse et al. (2005) for the uncertainty, σ = (
, where the factor of 1.1 accounts for the emissivity of the instrument window and telescope. This resulted in more conservative clear-sky uncertainties around 5%. Fourth, we used the measured sky emission from a small section of the cube centred on the sub-observer point, τ m , and the 
where the 1.0 factor is smaller than before because the measurements already include flux losses due to instrumental effects. This final method produced the most conservative uncertainties of up to 10% in clear sky, but also includes the systematic changes due to the instrument effects. In Section 4 we will present our results both for method one (taking the 3% standard deviation on the mean spectrum, increasing to arbitrarily large values in regions of telluric absorption) and three (uncertainty based on the calculated transmission).
Spectral Modelling
Atmospheric parameters were derived from the TEXES spectral cubes using a radiative-transfer and spectral-retrieval algorithm (NEMESIS, Irwin et al., 2008) . This software performs a spectral inversion via the optimal-estimation approach (Rodgers, 2000) , minimising a two-term cost function comprised of the residual fit to the data and our prior knowledge of the atmospheric state vector. The latter constraint ensures smooth and physically realistic atmospheric structures. Furthermore, by inflating the measurement uncertainties in regions of low telluric transmission (see Section 2) we ensure that the retrievals are weighted towards clear-sky spectral windows and ignore those corrupted by terrestrial contamination. Reference a priori temperature and composition profiles have been previously described in detail for Jupiter (Fletcher et al., 2009a (Fletcher et al., , 2011c and Saturn (Fletcher et al., 2010 . In particular, the reference T (p) were defined on 120 pressure levels equally spaced in log(p) between 1 µbar and 10 bar, and are based on a low-latitude average of Cassini/CIRS temperature results. Details of the vertical profiles of ammonia and phosphine are introduced below.
Sources of spectral line data are identical to those presented in Table 4 of Fletcher et al. (2012) , and were used to pre-tabulate k-distributions (ranking absorption coefficients according to their frequency distributions) specific to the two low-resolution TEXES spectral settings (900 cm −1 and 960 cm −1 ) using the direct sorting method of Goody et al. (1989) . These k-distributions were convolved with instrument functions to represent the specific characteristics of TEXES. However, the TEXES instrument function is not precisely constrained: diffraction convolved with a box car of the slit width should provide approximately Lorentzian wings on the lines, but optical aberrations might also contribute and we assume the true instrument function to lie somewhere between a Gaussian and a Lorentzian. Furthermore, the spectral resolution provided by the grating equation in Section 2 is an approximation. We therefore The 900-cm −1 observations from TEXES need to be scaled by a factor of 0.8 to match the CIRS radiances, whereas the 960-cm −1 setting needs no such adjustment.
conducted preliminary retrieval comparisons for the Jupiter and Saturn spectra with Gaussian-, Lorentzianand triangle-convolved k-distributions with a variety of full-width at half maxima (FWHM) between 0.20 and 0.40 cm −1 for both channels. However, we found negligible differences in the goodness-of-fit (χ 2 ) for these three different instrument functions, and the best-fitting FWHM differed substantially between the four different dates. The optimal FWHM were apparently driven by random noise on each date. As an alternative, we attempted to convolve synthetic terrestrial ATRAN spectral models (with Lorentzian line shapes and a 0.10-cm −1 width) with Gaussians of variable width until the model reproduced the measured sky lines. However, our spectral channels are chosen so that the sky lines are very weak, so this technique only worked for the 960-cm −1 channel (converging on a resolution of 0.32 cm −1 ) and not for the 900-cm −1 channel. Given the difficulty in extracting the resolution from the measurements, our solution was to use a Gaussian instrument function and the FWHM predicted by the grating equation (0.31 cm −1 and 0.36 cm −1 for the 900-and 960-cm −1 channels, respectively). In this preliminary phase of TEXES modelling we discovered that the manual identification of sky lines, coupled with corrections for Doppler shifting by the reduction pipeline, did not provide the necessary wavelength accuracy for our purposes. For the mean lowlatitude spectra for each channel and date, we varied the wavelength calibration using a shift-and-stretch approach to minimise the χ 2 . The required shifts were < 0.01 cm −1 and < 0.02 cm −1 for the 900-and 960-cm −1 channels, respectively, but were required to provide accurate fits to the data. These shifts were applied to generate wavelength-corrected mean and zonally-averaged spectra for subsequent analysis. Forward-modelled spectra in Fig. 5 indicate the locations of the ammonia and phosphine absorption features in the 900-and 960-cm −1 channels. We also show the effects of varying the 15 N/ 14 N ratio from zero to a factor of 10 × 10 −3 (encompassing the Jupiter-like 2 × 10
and Titan-like 6.0 × 10 −3 values). In the 900-cm and spectral features at 960 cm −1 ). Figs. 6-7 demonstrate the altitude sensitivity of the TEXES spectra by presenting jacobians, or functional derivatives dR/dx (where R is the spectral radiance and x is the atmospheric state vector, representing either temperature or a mole fraction profile). This highlights the overlapping contributions of temperature (which covers most of the range) with the molecular signatures, and difficulties in disentangling temperature and composition will be discussed in Section 4. Fig. 6 confirms the findings of Fouchet et al. (2004) for Jupiter, who demonstrated that the different isotopologues sense similar pressures in the 400-600-mbar range. The Jupiter jacobians were calculated using an aerosol layer near 800 mbar based on Cassini/CIRS retrievals (Fletcher et al., 2009a ). Saturn's continuum radiance in Fig. 7 (computed for aerosol-free conditions following Fletcher et al., 2009a) originates in the 500-800 mbar range, with radiance in the PH 3 absorption cores penetrating up towards 200 mbar. Saturn's 15 NH 3 signatures are formed in the 600-900 mbar range, slightly deeper but overlapping with the 14 NH 3 signatures in the 400-800 mbar range (deepest in the line wings). In both the Jupiter and Saturn cases, the temperature and gaseous jacobians are sufficiently distinct to permit separation of these parameters in the retrievals, as presented in Section 4.
Results
Measurements of temperature and atmospheric composition from the TEXES data are complicated by (i) the absolute radiometric uncertainty of ±20% on each channel; (ii) the use of narrow 20-cm −1 windows leading to degeneracies between tropospheric temperature, aerosol opacity and the molecular abundances; and (iii) the low sensitivity to the vertical profiles of PH 3 and NH 3 . In the sections that follow, we conduct extensive tests to understand the sensitivity of our results to these complications. For both Jupiter and Saturn, we start with simultaneous fitting of the 900-and 960-cm −1 channels to obtain a 'global solution' (Section 4.1 and 4.2), before honing the spectral fit in the vicinity of 15 NH 3 lines and fitting to determine the 15 N/ 14 N ratio (Sections 4.3 and 4.4). Finally, we repeat the fitting for latitudinallyresolved spectra to understand the spatial variability in Section 4.5.
Global Solution for Jupiter
An ideal retrieval would allow us to independently determine tropospheric temperatures, aerosol opacity and parameterised vertical distributions of phosphine and ammonia (parameterised as a deep mole fraction q 0 at p > p 0 and a fractional scale height f at p < p 0 , Fletcher et al., 2007 Figure 5: Forward-modelled Jupiter (top panels) and Saturn (bottom panels) spectra in the 900-and 960-cm −1 spectral settings, showing the effects of scaling the reference 15 NH 3 (right column), 14 NH 3 (left column) and PH 3 (central column) profiles. A key for the Jupiter scale factors can be found in the top row, a key for the Saturn scale factors can be found in the third row. This highlights the difficulty in obtaining the Saturnian value, although enhanced 15 NH 3 causes peak erosion near 903 cm −1 and spectral features near 960 cm −1 which will be key to the upper limits determined in this study. These spectra use a low-latitude average temperature and composition and nadir viewing geometry. Figure 7 : Jacobians, or functional derivatives, showing the sensitivity of the TEXES Saturn spectra to temperature variations and abundance variations for each of the gases ( 15 NH 3 , 14 NH 3 and PH 3 ). The 900-cm −1 channel is given on the top row; the 960-cm −1 channel on the bottom row. The jacobians in each panel have been normalised within the spectral range, so the key in panels (c) and (g) is representative of all eight panels. ammonia and phosphine are poorly known, so these parameters were varied on a two-dimensional grid from 300 to 1000 mbar during retrievals of temperature, q 0 and f for PH 3 and NH 3 . We scaled the total opacity of a compact aerosol layer of NH 3 ice (10-µm radius), based at 800 mbar. We need to allow the temperature to vary in order to achieve an adequate reproduction of the measurements, despite the lack of independent tropospheric temperature constraints from the collision-induced H 2 -He continuum at λ > 16µm. Furthermore, the retrieved departure of the TEXES T (p) from that derived by CIRS would prove essential in narrowing the broad solution space due to the TEXES radiometric uncertainties (see below).
The jovian phosphine lines could be adequately reproduced with p 0 at any altitude -the deeper the transition, the larger the permitted values of q 0 and f , and these changes were so complementary that no information on p 0 could be obtained. Instead, we reduced the under-constrained problem to a single parameter -scaling a photochemical PH 3 profile from J. Moses (personal communication) that was based on the CIRSderived PH 3 abundance of Fletcher et al. (2009a) . These chemical profiles have the added benefit of a smooth and gradual transition from the well-mixed zone to the region of photochemical destruction, rather than a sharp change at p 0 .
Given the dominance of ammonia in Jupiter's mid-IR spectrum, it might be expected that the TEXES retrievals could constrain its transition pressure, p 0 . We performed simultaneous retrievals of T (p), scale factors for the aerosol opacity and PH 3 distribution, and q 0 and f for NH 3 , for a variety of transition pressures from 300-1200 mbar. Given the radiometric uncertainty, we repeated this test for all three dates with radiometric scale factors of 0.7-1.2 applied to each of the 900-and 960-cm −1 channels (i.e., 25 scale factor combinations, 10 values of p 0 and 3 separate Jupiter observation dates). The behaviour of χ 2 and the retrieved parameters for a subset of these results are shown in Fig. 8 . In this instance, we fixed the calibration of the 960-cm channel by factors between 0.7 and 1.0. Best fits are obtained when scale factors of 0.7-0.8 are used for the 900-cm −1 channel (consistent with the necessity for scaling the TEXES data to match the CIRS observations in Section 2). The best-fitting p 0 is extremely sensitive to the radiometric scaling, and values in the expected range (i.e., close to the NH 3 condensation altitude of 840 mbar for a 3× enrichment in nitrogen over solar, Atreya et al., 1999) are only obtained for scalings of 0.7-0.8. The retrieved q 0 and f generally increase as the transition pressure moves deeper (Fig. 8b-c) , while the PH 3 and aerosol scale factors are largely insensitive to the NH 3 p 0 for pressures exceeding 500 mbar (Fig. 8d-e) . For very shallow transition pressures (300-500 mbar), the aerosol opacity, phosphine abundance and temperature must all increase to compensate for poor fitting of the NH 3 lines. Given the uncertainty on the radiometric scaling, we cannot independently constrain p 0 for NH 3 , so we fixed the ammonia p 0 = 800 mbar, consistent with the expected cloud condensation altitude Banfield et al., 1998; Matcheva et al., 2005; Wong et al., 2004) .
The retrieved temperatures in Fig. 8 show a substantial sensitivity to the radiometric scaling (14-K differences between the 0.7 and 1.0 scale factors for the 900-cm −1 channel). Indeed, these differences in T (p) result in order-of-magnitude changes in the retrieved ammonia abundance. By itself, this implies that TEXES data in these two channels cannot provide robust temperature and composition retrievals. However, globally-averaged tropospheric temperatures are not expected to deviate substantially from those measured by Cassini or Voyager, so we use this assumption to hone in on an acceptable range of radiometric scalings. Fig. 9 shows contours of χ 2 , ammonia q 0 and f , scale factors for aerosol opacity and PH 3 and temperatures at 300 mbar when we rerun our grid of radiometric scalings. The region of parameter space consistent with CIRS T (p) measurements ±5 K is also indicated, confirming that the 900-cm −1 channel must be reduced by factors of 0.7 to 0.8 relative to the TEXES calibration to achieve sensible results. All three dates showed the same trend, with the best-fitting T (p) shown in Fig. 10 corresponding to the spectral fits in Fig. 11 and the compositions in Table 2 . Uncertainties shown in this table are due to random measurement error, and do not account for systematic radiometric uncertainty. They highlight the difficulty in constraining aerosol optical depth (the uncertainty is a comparable size to the central value) and phosphine (which varies by a factor of two between the observations). Given that the spatially-averaged Jupiter spectra in Fig. 3 showed some small differences from night to night, longitudinal variability could be the source of these changes.
Global Solution for Saturn
Fits to the averaged low-resolution Saturn spectra on February 3, 2013 followed similar techniques to those for Jupiter. However, unlike Jupiter, where we had three observing dates to compare and a consistency check with Cassini/CIRS measurements, the Saturn spectra were analysed in isolation. As before, we assumed a random uncertainty on the spectrum of 3% in clear-sky regions (arbitrarily large in regions affected by telluric contamination), and repeated the retrievals for radiometric scalings of ±20% for each of the 900-and 960-cm −1 channels. The Saturn spectra have been averaged around the sub-observer point, between 10
• N. Tropospheric temperatures and parameterised profiles of ammonia and phosphine were retrieved simultaneously for each radiometric scaling (i.e., 25 combinations). Although good fits could be obtained for every combination, there was a general preference for the 900-cm −1 channel to be decreased in radiance compared to the 960-cm −1 channel, consistent with the results from the Jupiter modelling. If we assume that the radiometric calibration of the 960-cm −1 channel is accurate, then best fits were obtained with the 900-cm −1 channel shifted down by 20-30%. We conclude that systematic shifts in the absolute calibration are affecting the Jupiter and Saturn spectra in the same way. However, there are substantial differences in absolute temperatures and gaseous abundances derived from the TEXES spectra for different radiometric scalings. To get around this problem, the observations were designed so that both 14 NH 3 and 15 NH 3 were captured in the same setting, so the ratio should be unaltered even if the absolute quantities differ.
Fixing the 960-cm −1 channel as we did for Jupiter, we scaled the radiance in the 900-cm −1 channel and tested the spectral sensitivity to the PH 3 and NH 3 transition pressures, varying these between 300-1300 mbar for PH 3 and 800-1300 mbar for NH 3 in Fig. 12 . In general, the differences in the goodness-of-fit χ 2 are small (Fig.  12a) , and the sensitivity to the ammonia transition pressure is rather weak, with values in the 850-1150 mbar range satisfying the data to within 1σ. Lower transition pressures (850 mbar) required NH 3 mole fractions of 7 ppm and fractional scale heights of 0.06, whereas higher transition pressures (1100 mbar) required mole fractions of 135 ppm and fractional scale heights of 0.07, indicating the size of the acceptable solution space for NH 3 (Fig. 12d,e) . The PH 3 transition was rather better constrained to 400-550 mbar, which is at the lower limit of the pressure range provided by previous data analysis (Orton et al., 2000; Fletcher et al., 2007) . The higher the radiometric scale factor for the 900-cm −1 channel, the lower the pressure of the PH 3 transition because there is less need for the broad PH 3 wings when the radiance is higher. Intriguingly, only scale factors of 0.7-0.8 provide PH 3 transition pressures around 500-mbar Figure 9 : Contours highlighting the effect of ±20% radiometric uncertainties (i.e., scale factors applied to the calibration of the 900-and 960-cm −1 channels) on the retrieved parameters (temperature, scale factors for aerosol opacity and phosphine, parameterised ammonia). Also shown as blue lines is the more limited parameter space defined by a 5-K deviation from Cassini/CIRS temperature measurements at 300 mbar (between the thick dashed contour lines in panel (f)), showing that only a subset of the parameter space provides consistency with Cassini measurements. (Fletcher et al., 2009a) because the transition pressure is at a lower pressure (Fig. 12b,c) . Two examples of the quality of the spectral fits are shown in Fig. 13 . In general, the fit to the 960-cm −1 setting was superior to the fit to the 900-cm
setting, despite the additional terrestrial contamination in the 960-cm −1 channel. Indeed, we were unable to fit precisely the peak-to-trough contrasts in the PH 3 lines in the 900-905-cm −1 region unless we ignored other regions of the spectrum, although the solution in Fig. 13 is consistent with the observations within the random uncertainties. The best-fitting T (p) profile, PH 3 and 14 NH 3 distributions for each scaling (five in total) will be used in Section 4.4 to derive upper limits on the 15 N/ 14 N ratio.
Jupiter's
15 N/ 14 N Ratio Section 4.1 modelled both the 900-and 960-cm
Jupiter observations simultaneously. However, these observations were designed such that the 15 N/ 14 N ratio could be derived from either one of these channels separately. From this point on we use the 'global solution' as the a priori for a fit to a narrow sub-range surrounding the 15 NH 3 features to provide the smallest possible residual while remaining consistent with the combined retrieval. The 15 NH 3 features were now omitted from the fitting between 902.6-903.8 cm −1 and 959-962 cm −1 , but we ensured that the 14 NH 3 features were fitted as closely as possible. The absolute calibration was varied as before to produce a new, refined grid of temperature, parameterised ammonia, aerosols and phosphine retrievals for each setting. These retrieved properties were used to create forward models, scaling the 14 NH 3 profile to provide 15 N/ 14 N ratios between zero and 10×10 −3 (encompassing the Jupiter-like 2.3 × 10 −3 and Titan-like 6.0 × 10 −3 values). Examples of the model-data comparisons and the goodness-of-fit χ 2 are shown in Fig. 14 . In Section 4.1 we used a comparison to CIRS-derived T (p) from the 2000 flyby to restrict the region of parameter space under consideration. The resulting 20-30% decrease in the radiance measured in the 900-cm −1 channel was found to be consistent with the direct comparison of the CIRS and TEXES radiances. Results for the 15 N/ 14 N ratio in Table 3 are therefore only quoted for the case where the radiometric scaling of the 960-cm Fits to the 900-cm −1 channel were improved by considering narrower sub-ranges, specifically omitting the 895-900-cm −1 region from the spectral fits which could be due to either poor telluric subtraction from the data or the absence of an unidentified emitter in our spectral model.
reduced by factors of 0.7-0.8. As the radiometric scaling strongly influences the retrieved temperatures, ammonia and aerosol opacity from each channel, the relatively narrow range of 15 N/ 14 N solutions in Table 3 is encouraging.
As described in Section 3, the 1σ uncertainty ranges were estimated via two techniques. Firstly we used a 3% random uncertainty in clear-sky spectral regions to replicate the standard error of coadded spectra (and arbitrarily large in regions of telluric contamination). Secondly, we follow Greathouse et al. (2005) by evaluating χ 2 using a scaling factor for the measured radiance based on the calculated terrestrial transmission (τ), namely σ = √ (1.0 − τ)/τ. Both approaches provide similar solutions but are included in Table 3 for completeness. Despite the ±20% radiometric uncertainty, A close inspection of the spectral fits suggests that the February 10, 2013 dataset was the least reliable. Indeed, we struggled to fit the overall spectral shape with the model, so these ratios have correspondingly larger uncertainties. A typical feature of the 960-cm −1 fit for all three dates (e.g., Fig. 14b and c ) was that the model failed to reproduce the 955-959 cm −1 region accurately, whereas 959-965 cm −1 was reproduced near-perfectly (the same discrepancy has been noted in modelling ISO data, T. Fouchet, pers. comms.) . An additional absorber (e.g., aerosols) may be decreasing the measured radiance here, although no suitable candidates could be found. Several telluric features are found in this area and could be reducing the quality of the fit. Finally, Cassini/CIRS spectra were unable to shed light on the problem due to an electrical interference anomaly close to this problematic region (e.g., Achterberg et al., 2006) . Similarly, the slope of the continuum surrounding the 903-cm −1 15 NH 3 line was hard to reproduce in Fig. 14a and c, with a tendency to overfit shorter wavenumbers and underfit longer wavenumbers. These offsets were folded into our error budget in Table  3 . In summary, TEXES observations are consistent with a jovian 15 N/ 14 N ratio in the range from 1.4 × 10 −3 to 2.5 × 10 −3 , provided that the Cassini/CIRS temperatures (2000) remain a valid assumption for the jovian tropospheric temperatures in 2013. Independent constraints on either the temperature or the radiometric scale factor would improve this result in future studies. 15 N/ 14 N ratio measurements on Jupiter were fully consistent with previous studies, we now proceed to estimate upper limits for the saturnian ratio. Taking the best fitting global solution from Section 4.2, we refined the spectral fits in the vicinity of the 15 NH 3 features for the two channels independently, repeating the retrieval within the ±20% systematic uncertainty envelope. This step ensured a well-fit continuum prior to forward modelling of the 15 NH 3 features. The 15 NH 3 profile was incorporated as a scaled version of the 14 NH 3 profile determined in the previous stage. Table 4 reports the full solution space for each channel, uncertainty approach and radiometric scaling. Trends are hard to identify, given that each radiometric scaling produced different absolute values for the tropospheric temperature and ammonia abundances. The 15 N/ 14 N ratio is generally permitted to be larger in the 960-cm −1 channel because of the greater effect of telluric contamination (see the spectral fit quality in Fig.  15 ). If we assume that the radiometric calibration of the 960-cm −1 channel is accurate, and that the 900-cm
channel was more easily fit if reduced by 20% (which provided a PH 3 distribution most similar to previous investigations in Section 4.2), then we conclude from Fig.  15 that 15 N/ 14 N< 2.0 × 10 −3 for the 900-cm −1 channel and 15 N/ 14 N< 2.8 × 10 −3 for the 960-cm −1 channel (assuming standard errors). Only the largest value in our solution space (< 3.6 × 10 −3 for a scaling of the 960-cm −1 channel by 0.8) is consistent with the terrestrial value, with all other solutions being smaller and more consistent with the jovian value. It should be noted that these are 1σ upper limits, representing a 68.3% probability that the 15 N/ 14 N ratio falls within this range. A more conservative upper limit of 2σ (95.4% of the probability) limits the ratio to 15 N/ 14 N< 4.9 × 10 −3 for the 900-cm −1 channel and 15 N/ 14 N< 4.5 × 10 −3 for the 960-cm −1 channel (Fig. 15) , which remains smaller than the Titan value of 6 × 10 −3 . A 3σ upper limit permits all solutions in our tested range.
Medium resolution Saturn observations
The low-resolution nodded spectra in Fig. 15 were both obtained on the same date (February 3, 2013), but we sought to confirm these upper limits by comparing to spectra obtained with a medium-resolution TEXES mode (R ≈ 10000), utilising 900-cm −1 spectra from February 2, 2013 and 960-cm −1 spectra from January 16, 2012 (see Section 2). These were not optimised for the 15 NH 3 study as they failed to perform a simultaneous measurement of 14 NH 3 features to extract a reliable ratio. Nevertheless, we could fix the 14 NH 3 abundances to those derived from the low-resolution spectra, and fit the medium-resolution spectra to check consistency with our derived upper limits.
k-distribution tables were produced for the medium resolution settings and used to fine-tune the TEXES wavelength calibration. Spectral fits were generated by retrieving tropospheric temperatures and a parameterised PH 3 distribution for radiometric scalings of ±20% around the TEXES calibration, and upper limits derived accordingly. The quality of the data and the best-fit spectral model are shown in Fig. 16 . For the 900-cm −1 channel the deep PH 3 mole fraction varied from 7.0-7.2 ppm depending on the radiometric scaling, whereas the 960-cm −1 channel had best fits from 5.6-6.4 ppm one year earlier. Although temporal evolution of PH 3 is plausible (especially given the dynamics of Saturn's 2010-11 storm), systematic offsets in calibration are more likely. From the 900-cm −1 spectrum in Fig. 16a it quickly became obvious that the continuum noise would hamper any attempts at deriving a reasonable 15 NH 3 upper limit, despite the good fits to the PH 3 lines themselves. Indeed, a χ 2 test suggested that all 15 N/ 14 N ratios smaller than 7.5 × 10 −3 were statistically permissible. Longer integrations would be necessary to reduce the continuum noise in the medium-resolution 900-cm −1 channel. Fits to the 960-cm −1 medium-resolution channel were more promising as the continuum in Fig. 16b was much smoother. Although no specific 15 NH 3 features were detected, the data favour Jupiter-like 15 N/ 14 N ratios rather than Titan-like ones. Assuming that the TEXES calibration is accurate, we find 1σ optimal values of (2.5±1.5)×10
−3 for the Saturn ratio (note that we do not claim this as a detection given the ambiguity of features in Fig. 16b) . Alternatively, varying the radiometric scale by ±20% yields upper limits of < 3.2×10 −3 and < 2.3 × 10 −3 for radiometric scalings of 80% and 120%, respectively (note that this assumes standard errors). However, these estimates are rather crude because 14 NH 3 could not be simultaneously constrained, and relies on the low-resolution estimate from 2013. In summary, the medium-resolution TEXES observations of Saturn provide a useful consistency check and support a Jupiter-like low 15 N enhancement, but are insufficient alone to constrain the 15 N/ 14 N ratio.
Latitudinally-resolved retrievals
The final step in our analysis sought to extract zonal mean temperatures and abundances from the Jupiter scans and the Saturn nodded spectra. Spectra were binned on a Nyquist-sampled 5
• latitude grid. The 900-cm −1 and 960-cm −1 channels were fitted simultaneously, scaling the 900-cm −1 channel by a factor of 0.8. The fitting provided retrieved mole fractions of 15 NH 3 rather than manually adjusting the 15 N/ 14 N ratio for every spectrum; this made the process more computationally efficient, but had the effect of sacrificing accuracy. In general, the zonally-resolved spectra were more noisy than the global average analysed above, such that constraints on the gaseous abundances and 15 N/ 14 N ratio are worsened. Nevertheless, this experiment demonstrates the capability for TEXES to derive spatiallyresolved atmospheric properties. Absolute values in Figs. 17 and 18 are sensitive to the assumed radiometric calibration uncertainty of ±20%, so only the relative variations in these parameters can be taken as robust.
For Jupiter we simultaneously retrieved tropospheric temperatures and scaled profiles of aerosols (a compact cloud with an 800-mbar cloud base), phosphine (based on the vertical profile of J. Moses, pers. comms. and the two ammonia isotopologues. The a priori 14 NH 3 profile was based on a mean of the global results in Table 2, and scaled by a factor of 2 × 10 −3 to provide the a priori 15 NH 3 profile. Fig. 17 shows latitudinal variations of temperature, aerosol optical depth at 10 µm, PH 3 and the two isotopologues of NH 3 on February 4th 2013 (similar meridional trends were produced on all three dates). Tropospheric temperatures (Fig. 17a-d) show the contrasts of the SEB, equator and NEB as inferred from the raw images in Fig. 1 , and differ moderately from CIRS derivations (Simon-Miller et al., 2006; Achterberg et al., 2006) in that the typically cold equatorial zone features a moderately-warm central band, possibly associated with a narrow red haze visible during this period. Aerosol opacity (Fig. 17i) is largely homogeneous with latitude, although we caution that the 900-and 906-cm −1 channels have only limited sensitivity to this parameter. The latitudinal distribution of PH 3 is qualitatively similar to Fletcher et al. (2009a) , but the 500-mbar mole fraction is smaller by a factor of two, likely due to systematic offsets in the radiometric calibration. The distribution of 14 NH 3 (Fig. 17f ) shows a sharper equatorial peak but similar latitudinal trends and mole fractions to Achterberg et al. (2006) , with the exception of latitudes poleward of 20
• S, where higher mole fractions give the appearance of a hemispheric asymmetry in NH 3 . The source of this asymmetry is unclear, but it was reproduced in tests with a variety of different retrieval assumptions. The asymmetry is less pronounced in the 15 NH 3 distribution (Fig. 17g) , and hence the 15 N/ 14 N ratio (Fig. 17h) shows a gradient from north to south (this gradient was observed on all three dates). Quantitatively, the global value of the 15 N/ 14 N ratio is the same as that from the averaged spectrum analysed in Section 4.3. The meridional ammonia and phosphine distributions will be the topics of future studies incorporating temperature and aerosol constraints from additional TEXES channels.
For Saturn we retrieved tropospheric temperatures, a parameterised PH 3 profile and simple scalings of the 14 NH 3 and 15 NH 3 profiles. For our a priori 14 NH 3 profile we assumed 100 ppm for p > 950 mbar and a fractional scale height of 0.08; scaling it by 1 × 10 −3 for the a priori 15 NH 3 profile. The results are shown in Fig.  18 , which shows the latitudinal trends for the temperature and composition. Despite the uncertainties in absolute quantities, Fig. 18 shows relative spatial variations that are real. Zonal temperatures peak between [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] • N in the latitude band associated with the 2010-11 storm system (Fletcher et al., 2011b) , and the 3-4 K contrast between the storm band and adjacent latitudes is consistent with the Cassini/CIRS findings of Achterberg et al. (2014) . More importantly, neither PH 3 nor NH 3 show peaks in this band, confirming that the retrieval of temperature remains independent from the gaseous abundances. The PH 3 fractional scale height (Fig. 18e) rises towards the equator to produce a meridional profile consistent with Cassini/CIRS (Fletcher et al., 2009a) , whereas the equatorial drop in the deep PH 3 mole fraction (Fig. 18f) was also observed by Cassini/VIMS (Fletcher et al., 2011a) . The 14 NH 3 profile (Fig. 18g ) deviates from the meridionally-uniform profile derived from Cassini/CIRS and from the equatorial maximum detected by Cassini/VIMS (Fletcher et al., 2011a) . However, we cannot rule out temporal variations associated with Saturn's springtime storm and seasonally-evolving haze distributions, and the implications for this TEXES-derived ammonia distribution remain unclear. These latitudinally-resolved spectra offer negligible constraint on the 15 NH 3 distribution, but the retrieved 15 N/ 14 N ratios are consistent with the low 'Jupiter-like' values and inconsistent with 'Titan-like' values, as described in Section 4.4. Finally, given the random uncertainty on these spectra we see no evidence for variability in the ratio with latitude (i.e., no dynamical or seasonal influences are apparent in these results).
Discussion: The Origin of Giant-Planet Nitrogen
The low-spectral resolution TEXES observations of Jupiter and Saturn provided (i) ground-based confirmation of the low 15 N-enrichment of Jupiter's nitrogen inventory; and (ii) the first upper limits on Saturn's 15 Nenrichment, suggesting a 15 N/ 14 N ratio more consistent with that of Jupiter than with Earth or Titan-like values. Fig. 19 compares these giant planet values to those found elsewhere in our solar system. The primary result of this study is the similarity of the 15 N/ 14 N ratios for Jupiter and Saturn (assuming 1σ uncertainties), and the consistency with primordial solar nebula values inferred from the solar wind (see Section 1). What does this similarity imply for the cosmochemical source reservoirs for the nitrogen-carrying species (ices, gases) accreted into the proto-Jupiter and proto-Saturn? We described in Section 1 that a low 15 N enrichment favoured accretion of primordial N 2 , rather than condensed nitrogen molecules (NH 3 , HCN, CN, etc.) that would be enriched in 15 N via isotopic exchanges in ion-molecule reactions (e.g., Terzieva and Herbst, 2000) , but does this help differentiate between models of giant planet origins?
To explain Jupiter's solar balance of elemental enrichments, in addition to the low 15 N enrichment, Owen and Bar-Nun (1995) ; Owen et al. (2001) ; Owen and Encrenaz (2003) argue for trapping of N 2 and other volatiles in porous amorphous ices at very low temperatures (i.e., at large heliocentric distances within the interstellar cloud). However, volatile trapping in crystalline ices, or condensation of pure ices, are also able to reproduce the solar balance of Jupiter's enrichments (e.g., Mousis et al., 2009b , and references therein), meaning that we must rely on additional information to distinguish these theories. The limited remote sensing information available for Saturn (e.g., Hersant et al., 2008; Mousis et al., 2014) suggests a non-solar balance of elemental enrichments. Indeed, the C/N ratio on Jupiter was shown to be solar to within error bars, whereas it was tentatively supersolar on Saturn to within measurement uncertainties (i.e., Saturn's nitrogen enrichment is lower than its carbon enrichment), implying that the source reservoirs for both planets are not necessarily the same. Here we assume that the maximum NH 3 abundances reported from millimetre and 5-µm spectroscopy of Saturn (approximately 500 ppm, de Pater and Massie, 1985; Fletcher et al., 2011a) are representative of the deep sub-cloud reservoir of nitrogen, although this measurement must ultimately be confirmed via in situ probing. If both planets formed from a reservoir of cold-trapped N 2 in amorphous ices, we might expect a solar balance of enrichments on Saturn too, which does not appear to be the case.
At the location of giant-planet formation, the disc temperatures are expected to have been too warm for significant adsorption of volatiles on amorphous ices (Gautier et al., 2001) . Instead, volatiles could have been trapped by crystalline water ice in the form of clathrates Figure 18 : Zonally resolved retrievals of Saturn's tropospheric temperature and gaseous composition from low-resolution TEXES spectra on February 3rd 2013, using a combination of 900-cm −1 and 960-cm −1 channels. Panels (a)-(d) depict temperatures at four pressure levels in the atmosphere; panels (e)-(f) show two quantities parameterising the PH 3 distribution; panels (g)-(h) provide scale factors for a priori profiles of two ammonia isotopologues; and panel (i) shows the 15 N/ 14 N ratio. Absolute quantities are sensitive to the systematic uncertainties in assumed radiometric calibration, whereas spatial contrasts are expected to be robust. or hydrates during the slow cooling of the nebula (Lunine and Stevenson, 1985; Gautier and Hersant, 2005; Gautier et al., 2001; Hersant et al., 2004; Alibert et al., 2005; Mousis et al., 2006; Hersant et al., 2008) . Clathrates sequester guest gases within a hydrogenbonded water ice structure. In this scenario, the balance of the different elements depends on the efficiency of enclathration and the availability of crystalline water ice (Mousis et al., 2009b) , which is rather poorly understood in the early solar nebula. A deficiency of crystalline water ice at 10 AU may have inhibited the formation of N 2 clathrate in Saturn's feeding zone (Hersant et al., 2004; Gautier and Hersant, 2005) , and warm formation temperatures could have prevented direct N 2 condensation (Hersant et al., 2008) , leading to a saturnian C/N ratio that is supersolar. Gautier and Hersant (2005) and Hersant et al. (2008) therefore predicted that Saturn should have a higher 15 N-enrichment than that observed in Jupiter due to the increased importance of primordial NH 3 in Saturn's feeding zone, which our new upper limit no longer permits. Conversely, Mousis et al. (2009b) questioned the reliability of Saturn's measured nitrogen enrichment, and included pure N 2 condensate formation at cold temperatures (i.e., after the disc had cooled sufficiently over time) to predict the elemental complements of Jupiter and Saturn. By allowing N 2 to have a more important contribution to the protoSaturn, the model of Mousis et al. (2009b) would decrease the hypothesised 15 N enrichment, but predictions of the bulk nitrogen enrichment remain to be tested.
Could trapped ammonia have played a role in Saturn's feeding zone? Accretion of primordial NH 3 , and subsequent production of a secondary atmosphere from the original carrier by photolysis (Atreya et al., 1978) , has been invoked as a possible explanation for Titan's high 15 N/ 14 N ratio of (5.96 ± 0.02) × 10 −3 (Niemann et al., 2010) , which is considerably larger than that found on Jupiter, Saturn (to 2 − σ confidence) or the Earth (Fig. 19) . Although Titan's enrichment could be related to fractionation by atmospheric escape processes (e.g., see reviews of Titan's origins by Lunine et al., 2010; Atreya et al., 2010) , Mandt et al. (2009) suggest that over 200 bars of Titan's atmosphere would need to have been lost, and that the present-day 15 N/ 14 N ratio reflects that acquired from ammonia-ice accretion. Accretion of a 15 N-enriched compound could explain both the 15 N enrichment and the low 36 Ar/N 2 ratio in Titan's atmosphere (if Titan's nitrogen was from primordial N 2 , the low condensation temperatures required would have been sufficient to provide argon and nitrogen in a solarlike ratio, Owen, 1982) . However, as reviewed by Lunine et al. (2010) ; Atreya et al. (2010) , other mechanisms (such as adsorption onto photochemical hazes in Titan's atmosphere) might be responsible for the depletion of 36 Ar. Nevertheless, this Titan accretion scenario, along with the difficulty in trapping N 2 , would seem to favour accretion of Titan from a 15 N-enriched source reservoir (such as primordial NH 3 ).
This TEXES upper limit on 15 N enrichment, along with the observation that Saturn's nitrogen is indeed enriched over solar composition (see Mousis et al., 2014 , for a recent review, and references therein), argue against delivery from a primordial reservoir of NH 3 and in favour of N 2 as the dominant carrier. Indeed, the N 2 reservoir dominated over the NH 3 reservoir for the feeding zones of both planets. This leaves us with a conundrum for solid-planetesimal accretion -how might icy materials rich in N 2 survive being transported from the distant, low-temperature reaches of our solar system (T f < 40 K for N 2 trapping in both amorphous and crystalline scenarios), in through the disc to the location of giant planet accretion? The disc would cool with time, so N 2 -rich ices could be preserved if the timescales were long enough, but the dynamics of the planetesimal population and the timescale for giant planet formation remain poorly understood (e.g., see the recent review by Helled et al., 2013) . The question of how a forming giant planet could accrete solid ices (either amorphous or crystalline) from the distant, cold solar system without devolatilisation as they approach the feeding zones of the proto-Jupiter and proto-Saturn remains unresolved (Gautier and Hersant, 2005) .
A final possibility is the accretion of N 2 as a gas directly from the solar nebula along with hydrogen and helium during the runaway accretion phase. Given that N 2 /H 2 is expected to be larger than NH 3 /H 2 in the solar nebula (Lewis and Prinn, 1980) , this scenario would provide the low 15 N enrichment to be consistent with the Jupiter and Saturn observations. NH 3 or other nitrogen compounds trapped in crystalline ices or comets could not have been a major contributor to the nitrogen inventory of either planet (although NH 3 must have played some role at 10 AU to explain Titan's inventory). However, a mechanism must be identified to enhance the nitrogen inventory over solar composition on both planets. It should be noted that the same problem of elemental enrichment is faced by the disc instability mechanism of giant planet formation, but Helled et al. (2013) review possible mechanisms of producing super-solar enhancements in forming proto-planets (local enhancements in spiral arms of a disc, planetesimal capture after formation, and tidal stripping). Their message is that supersolar elemental enrichments alone should not be taken as evidence of the core accretion model. It might be possi-ble that accretion of clathrated N 2 played a more important role at Jupiter where the availability of crystalline water ice was greater, explaining the solar C/N ratio on Jupiter compared to the supersolar C/N ratio on Saturn. In reality, the bulk composition of Jupiter and Saturn likely originated from some combination of volatile trapping in ices, condensation of pure ices and gas phase accretion. The relative importance of each contribution will be the subject of future modelling studies.
Conclusions
Low-resolution, mid-infrared spectral mapping of Jupiter and Saturn in 2013 using the TEXES instrument on the IRTF has permitted the first ground-based study of the 15 N/ 14 N ratio on the two gas giants (Fig. 19) . Observations focussed on two spectral channels (±20 cm −1 surrounding 900-and 960-cm −1 ) selected for (i) nearby signatures of 14 NH 3 and 15 NH 3 to allow simultaneous measurement; (ii) close proximity to PH 3 features to characterise the spectral continuum; and (iii) limited contamination from telluric features. Jupiter was observed in a scan mode to map the spatial variability of emission in each channel, whereas Saturn was observed in nod mode to determine the latitudinal variability. Given the higher radiance, Jupiter observations were repeated on three nights to compare the precision of calibration (with the caveat that precision does not imply radiometric accuracy).
The primary conclusion of this research is that Jupiter and Saturn's 15 N/ 14 N ratios are indistinguishable from one another, and that both are consistent with the primordial 15 N/ 14 N ratio in the solar nebula. 15 NH 3 features were readily detectable on Jupiter, yielding isotope ratios ranging from 1.4 × 10 −3 to 2.5 × 10 −3 that are consistent with both the in situ result from the Galileo Probe Mass Spectrometer ((2.3 ± 0.3) × 10 −3 , Owen et al., 2001 ) and the remote sensing result from Cassini (CIRS, (2.2 ± 0.5) × 10 −3 , Fouchet et al., 2004) . This represents the first ground-based determination of this ratio. Conversely, we were unable to detect 15 NH 3 features in Saturn's phosphine-dominated spectrum. Nevertheless, we report the first 1σ upper limits on Saturn's 15 N/ 14 N ratio, requiring ratios no larger than 2.0 × 10
for the 900-cm −1 channel and 2.8 × 10 −3 for the 960-cm −1 channel (the second channel providing a consistent, but less stringent, upper limit). The values were supported by medium-resolution spectroscopy acquired a year earlier in 2012. A more conservative 2σ confidence limit raises this upper limit to a 15 N/ 14 N ratio less than 5 × 10 −3 . Specifically, we find that a Titanlike 15 N/ 14 N ratio (6.0 × 10 −3 , Niemann et al., 2010) is not supported by the Saturn observations, implying that 15 N-enriched primordial ammonia could not have provided a substantial contribution to Saturn's nitrogen inventory.
The dominant uncertainty in this ground-based study is the radiometric calibration. Although TEXES absolute calibrations are consistent from night to night (Section 2), comparisons of the Jupiter observations with Cassini/CIRS data in 2000, combined with cross-checks of the tropospheric temperatures and vertical PH 3 distributions with previous studies, all suggest that the 900-cm −1 flux should be consistently decreased by 20-30% relative to the quoted flux calibration. A ±20% radiometric uncertainty admits a large solution space for temperatures and gaseous composition, and it was only by imposing additional constraints (i.e., temperatures and phosphine could not deviate substantially from previous studies) that we could determine the atmospheric composition. This was somewhat alleviated in this study by simultaneously observing lines of both ammonia isotopologues and then comparing ratios for a range of different radiometric scalings. Future studies must either (i) reduce the radiometric uncertainty or (ii) provide independent temperature constraints in order to improve the accuracy of these ground-based measurements.
Much of this study focussed on obtaining close fits to spatial averages of the Jupiter and Saturn data to derive the 15 N/ 14 N ratio, but zonal mean atmospheric properties (tropospheric temperatures, aerosol opacity and distributions of PH 3 and NH 3 ) were presented in Section 4.5 as a secondary product of this analysis, highlighting the capabilities of TEXES for spatial mapping of gas giant tropospheric conditions. TEXES scan mapping of Jupiter provided zonal mean temperatures consistent with previous studies (i.e., belt/zone contrasts bounded by Jupiter's zonal jets) and revealed dramatic wave structure in Jupiter's NEB in 2013. The cold equatorial zone featured a warm, diffuse band in February 2013, coincident with a faint red haze observed by amateur astronomers during that period. Oval BA was characterised by both a cold central vortex and a warm peripheral ring related to secondary circulation in the anticyclone. Ammonia and phosphine were both elevated in Jupiter's equatorial zone above the clouds, with abundances similar to those derived from Cassini/CIRS (Achterberg et al., 2006; Fletcher et al., 2009a) . Aerosol optical depth was poorly constrained by these TEXES channels. Jupiter's 15 N/ 14 N ratio consistently showed a hemispheric asymmetry on all three nights (related to elevated 14 NH 3 in the southern hemisphere), although this may simply be related to degeneracies with the retrieval of atmospheric temperature. On Saturn, the lower spa- Jupiter GPMS (Owen et al., 2001) Jupiter ISO (Fouchet et al., 2000) Jupiter CIRS (Fouchet et al., 2004) Meteorite Inclusion (Meibom et al., 2007) Bulk Sun (Marty et al., 2011) Solar Wind (Hashizume et al., 2000) Terrestrial Value
Titan GCMS (Niemann et al., 2010) Comet NH 3 (Rousselot et al., 2014) Comet (Fouchet et al., 2000; Owen et al., 2001; Fouchet et al., 2004) , the solar environment (Marty et al., 2011; Meibom et al., 2007; Hashizume et al., 2000) ; Earth and Titan (Niemann et al., 2010) ; and a representative sample of cometary 15 N/ 14 N ratios in NH 3 (Rousselot et al., 2014) , HCN and CN (Bockelée-Morvan et al., 2008) . The horizontal dashed line separates 'primitive' solar nebula nitrogen (blue points) from nitrogen compounds found in comets, or nitrogen in secondary atmospheres (Earth, Titan, red points).
tial resolution and signal-to-noise ratio made it harder to extract spatially variable parameters, but zonal-mean retrievals of temperatures revealed the band of emission at 40
• N remaining from Saturn's 2010-2011 springtime storm, some 3-4 K warmer than the background atmosphere (consistent with Achterberg et al., 2014) . Furthermore, Saturn's zonal PH 3 distribution showed the same equatorial enhancement as previous Cassini studies. Zonally resolved spectra did not have sufficient signal to constrain latitudinal variations of Saturn's 15 N/ 14 N ratio. The primordial 15 N/ 14 N ratios on both Jupiter and Saturn imply that cosmochemical reservoirs of 15 Nenriched ammonia could not have contributed significantly to their accretion. The results favour primordial N 2 as the dominant contributor to the giant planet nitrogen inventory, accreted either in the gas phase or as ices formed in cold environments at great heliocentric distances. In the former case, although N 2 is expected to be the dominant form of nitrogen in the solar nebula, some mechanism must be found to explain the supersolar N/H ratios on both planets, while keeping C/N solar on Jupiter and supersolar on Saturn. In the latter case, we must explain how these ices of a distant origin could have survived transport to the forming protoplanets without significant devolatilisation. Saturn's 15 N/ 14 N ratio and C/N ratio must be confirmed via in situ sampling Marty et al., 2009 ), but we hope that this upper limit will prove to be a useful constraint for modelling the chemical inventory and evolution of our giant planets.
